The performance of ion exchange (IX) resin for organics removal from wastewater was 13 assessed using advanced characterisation techniques for varying doses of IX. Organic 14 characterisation using liquid chromatography with a photodiode array (PDA) and 15 fluorescence spectroscopy (Method A), and UV 254 , organic carbon and organic nitrogen 16 detectors (Method B), was undertaken on wastewater before and after magnetic IX treatment. relative to the untreated water. However, at longer filtration times the rate of fouling of IX 30 treated waters was lower than untreated water and the relative fouling rates corresponded to 31 the amount of biopolymer material in the feed. It was proposed that the mode of fouling 32 changed from pore constriction during the initial filtration period to filter cake build up at 33 longer filtration times. The organic composition strongly influenced the rate of fouling during 34 the initial filtration period due to competitive adsorption processes, while at longer filtration 35 times the rate of fouling appeared to depend upon the amount of biopolymer material in the 36 feed water. 37 38
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polypropylene (PP) or polyvinylidene fluoride (PVDF) membranes showed higher rates of 27 initial fouling following treatment with high IX doses (10 mL/L) compared to filtration of 28 untreated water, while treatment with lower IX doses resulted in decreased fouling rates 29 relative to the untreated water. However, at longer filtration times the rate of fouling of IX 30 treated waters was lower than untreated water and the relative fouling rates corresponded to 31 the amount of biopolymer material in the feed. It was proposed that the mode of fouling 32 M A N U S C R I P T
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contact time were kept at 180 rpm and 15 minutes. Samples were analysed for DOC, UV 254 127 and colour removal, and using liquid chromatography, after each adsorption cycle and for the 128 combined water. 129 130 2.3. Water quality analyses and characterisation 131
132
The quality of wastewater samples before and after pre-treatment were analysed for pH, 133 conductivity, UV 254 , DOC and true colour. DOC was measured using a total organic carbon 134 analyser (TOC-V CPH/CPN ) (Shimadzu, Japan). Both colour and UV 254 were measured using a 135 HACH DR 5000 spectrophotometer. True colour was measured using a 5 cm quartz cell at 136 456 nm and converted to Pt-Co units following calibration against a Platinum/Cobalt 137 standard. UV 254 was measured through a 1 cm quartz cell. 138 applied, since such wavelengths are known to be specific for tyrosine and tryptophan like 145 compounds respectively (Coble, 1996) . Polystyrene sulphonate (PSS) molecular weight 146 standards were used to calibrate the LC column used for Method A, and allowed the results to 147 be reported as apparent molecular weight (MW). Analyses by Method B were performed with 148 a LC-OCD instrument (DOC-Labor). 149 150
Membrane filtration 151
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152
A single hollow fibre membrane filtration apparatus was used to examine the fouling rate of 153 the raw and IX treated waters. Hydrophobic polypropylene (PP) membranes and hydrophilic 154 PVDF membranes were used. Tran et al., (2006) has previously determined the contact angle 155 of the PP membrane material to be 160° and the PVDF membrane to be 61˚. The 156 permeability of the membranes was verified to be within a set range (see Table 1 ) before 157 experimental testing, to ensure the variation between fibres was minimised. Table 1 lists the 158 summary of the membrane properties used for fouling studies. 159
Water was fed at a constant flowrate equivalent to a flux of 50 kg/m 2 h and the 160 transmembrane pressure (TMP) recorded. The membranes were backwashed every 30 161 minutes and the tests performed over 3-4 days. Analysis of membrane performance used the 162 unified membrane fouling index developed by Huang et al., (2008) and Nguyen et al., (2011) . 163
The hydraulic irreversible fouling index (HIFI) was derived from this analysis and used for 164 comparison of the results. HIFI is related to the fouling resistance and a low value of HIFI 165 represents low rate of membrane fouling while high HIFI values indicate greater membrane 166 fouling rates. This filtration method precludes the determination of fouling mode directly 167 (eg. pore blocking, cake filtration) as the flux is non-uniform along the fibre length. Greater 168 details of the filtration method and analysis techniques are given in Myat et al., (2012) . 169 170 
The raw water had a relatively high DOC and high colour as shown in and colour improved when a high IX dose was applied (i.e., decreasing number of BV). Table  195 2 shows that the highest removal of DOC, UV 254 High MW structures i.e., biopolymer fraction, led to significant peak response in the DOC 212 chromatograms and smaller peaks in the UV 254 chromatograms (see Fig. 8 
in SI). 213
Biopolymers, such as proteins and polysaccharides, could be detected in both DOC and OND 214 chromatograms. The removal of both the biopolymer fraction and humic components 215 increased with increasing IX doses applied (i.e., with decreasing BV). From Table 3 , the 216 results show that biopolymer DOC was the lowest and the humic DOC adsorbed or the 217 percent removed onto the resin was >95% when 10 mL/L resin dose was applied. The 218 biopolymer DOC removal (%) was reduced from 33% at 10 mL/L resin dose to 24% at 5 219 mL/L resin dose, whereas less than 10% removal was observed with resin doses of 1.66 220 mL/L and 1 mL/L. The measured biopolymer removals for 1.66 mL/L and 1 mL/L IX doses 221 were within experimental error. The humic DOC removal (%) ranged from >95%, 89%, 45% 222 and 29% at 10, 5, 1.66 and 1 mL/L resin doses, respectively. Similar findings were also 223 reported by Huang et al. (2012) , that the removal of biopolymer increased with higher doses 224 of IX. 225 M A N U S C R I P T
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It was interesting to note that a reduction of the biopolymer fraction was only observed with 227 IX dose applied at 10 mL/L and 5 mL/L respectively. The results also show that with 228 increasing concentration of IX dose applied, evidence for nitrogen containing compounds 229 such as proteins and amino acids disappeared, and that the removal of biopolymers appears 230 consistent when determined either by OCD or OND (see Table 3 removal percentages based on the area under these peaks are given in Table 4 . The removal 245 of tyrosine-like substances at 278 nm/304 nm (ex/em) from ETP raw water by IX treatment at 246 1 mL/L was 56% and, by increasing the IX dose to 10 mL/L, only a slightly higher removal 247
percentage of approximately 60% was suggested. The maximum removal of tryptophan-like 248 substances detected at 278 nm/343 nm (ex/em) was approximately 46%. The removal was 249 only observed with 10 mL/L resin dose while an increase in fluorescence intensity at that 250 excitation/emission was detected following IX treatment with low resin doses (e.g. 1 mL/L).
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We have previously reported that an increase in fluorescence response at these higher 252 molecular weights indicates either an increase in fluorescence response of these compounds 253 due to a change in their chemical environment (e.g. aggregation with polysaccharides, see 254 Lee 1997), or aggregation of low MW fluorescing compounds into larger entities. The 255 subsequent decrease in this peak, corresponding to low MW fluorescing compounds, for 256 higher resin doses was assumed to arise because of greater removal of these compounds by 257 IX resin. It should be noted that detection of organic compounds with MW > approximately 258 50 kDa could not be resolved by the LC techniques used, as these molecular weights 259 corresponded to the minimum retention times within the LC column. 260 261 Commercially, a side stream of MIEX™ resin is regenerated so that the resin is cycled 267 through adsorption steps a number of times before it is regenerated and treated water is 268 exposed to resin that has a variety of adsorption histories. To understand what is taking place 269 during this process, the removal of organic matter fractions by IX resin following a number 270 of successive adsorption cycles was assessed by analysing the removal performance via LC 271 Method B. Table 5 after the first use of resin to 71% after 5 resin uses (see Table 5 ), and that the variation in 283 adsorption efficiency between adsorption cycles was small. Similarly, the adsorption 284 efficiency of low molecular weight acids and neutrals did not vary substantially between 285 adsorption cycles. The biopolymer DOC adsorbed onto the resin after 1 st resin use was 24%. 286
The adsorption rate reduced during subsequent adsorption cycles to less than 1% removal in 287 the final combined water. A similar trend was also observed with OND biopolymer results. 288
289
Similar observations were reported by Mergen et al. (2008) . In their study, the water 290 dominated by hydrophobic NOM showed good removal efficiency of high MW NOM during 291 the first few adsorption cycles, but the removal efficiency declined with subsequent uses of 292 resin. The decreasing of adsorption efficiency was explained due to size exclusion/blockage 293 of the exchange sites by high MW NOM rather than exhaustion of ion-exchange sites. It was 294 supported by the observation that initially good removal of all organics was observed, 295 however the removal efficiency of high MW organics decreased with increased cycling of the 296 resin. 297 298 Similar phenomenon can also be seen with the particular water used in this work, as the 299 highest resin concentration gave the highest removal of biopolymer fraction (see Table 3 Table 6 . The 2-point method described by Nguyen et al. (2011) was 333 applied to compare fouling rate at equal time intervals, corresponding to equal permeate mass 334 or specific mass. 335 336 Table 6 , when filtration tests were carried out with PP membranes, the initial fouling 341 rates were greater than the longer term fouling rates for all waters. After 12 hours of 342 filtration, a high IX dose of 10 mL/L increased the HIFI value compared to ETP and 1 mL/L 343 treated water, indicating that high doses of IX initially led to increased fouling rates 344 compared to no treatment or lower IX doses. This effect was also observed for overall 1000 345 BV IX treated water. Conversely, lower IX doses (1 mL/L) initially reduced the fouling rate 346 compared to no treatment, but a peak appeared in the fouling rate at approximately 24 hours 347 (1100 kg/m 2 ) and it was approximately the same or slightly higher than the fouling rate for no 348 experiments, and that longer term trends may be quite different to the initial fouling 360 characteristics. These results also showed that the fouling kinetics were not uniform and that 361 several mechanisms might take place in the overall process. 362 363 A possible explanation for these complex fouling trends is that the fouling mechanism is time 364 dependent. It is proposed that pore constriction occurs in the early stages of fouling due to 365 adsorption of organic compounds on the membrane surface, leading to high fouling rates. The 366 extent of adsorption reduces quickly as the membrane becomes coated with organic material 367 and filter cake fouling becomes the dominant mechanism. Biopolymers are responsible for 368 the majority of the filter cake (Laîné et al., 1989 , Taniguchi et al., 2003 and the order of long 369 term fouling rates would support this hypothesis. The initial fouling rates would be 370 determined by adsorption of organic substances within the membrane pores. ETP water is 371 dominated by humics and these compounds would be expected to be the dominant foulant via 372 adsorption. However, humics are preferentially removed with IX resin and competing 373 M A N U S C R I P T
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compounds such as biopolymers, building blocks, low molecular weight acids and neutrals 374 are able to adsorb to the membrane to a greater extent. At 10 mL/L IX dose, there was 375 negligible humic material in the treated water (below detection: see Table 3 ) and therefore 376 internal pore constriction arises predominantly from compounds other than humics. This 377 change in composition of competing adsorption compounds could lead to the unusual initial 378 fouling trends, however further work is required to confirm this hypothesis. 379 380 Table 6 also shows a similar trend for fouling of the PVDF membrane as the PP membrane, 381 with the initial rates of fouling for the IX treated waters being quite different to their long 382 term fouling trends. Again, 10 mL/L treated water had the highest initial fouling rate, 383 followed by ETP and 1 mL/L treated water (see Fig 13 in SI) . A similar fouling mechanism 384 to that proposed for the PP membrane could also explain the PVDF fouling trends. At longer 385 filtration times, the extent of fouling may be due to the concentration of biopolymers in the 386 feed solutions. This was supported by the relationship between the fouling rate and the 387 amount of biopolymer present as determined by the OCD (see Table 3 ), where removals of 388 approximately 9% and 32% of the biopolymers were obtained for the 1 mL/L and 10 mL/L 389 waters respectively. Tables   Table 1  Membrane 
